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I.  larooDucnaH 


The  foUovlng  report  describes  results  of  the  first  year's  vork  on 
a  research  program  directed  to  the  behavior  of  submarine  steels  vhen  welded 
under  conditions  of  hindered  thermal  contraction, 

The  principal  objectives  of  the  investigation  have  been  to  make  quanti¬ 
tative  or  saii-quantltatlve  assessments  of  procedviral  and  compositional 
factors  in  the  development  of  residual  stresses  or  cracking  in  or  near  welds 

cooling  while  subjected  to  external  restraint,  the  external  restraining 

1  2 

apparatus  being  so  Instrumented  *  as  to  give  continuous  information  on 
the  magnitudes  of  bending  moment  and  separating  force  to  which  the  welds 
are  subjected.  It  should  be  noted  many  of  the  interesting  responses  exhi¬ 
bited  by  materials  in  the  HI-SO  category  occur'  long  after  the  weld  has 
cooled  to  ambient  temperature;  this  report  mj.ght  well  ha've  been  entitled 
"Delayed  Mechanical  Responses  of  Welds  Subjected  to  Hindered  Contraction". 

A  further  objective  has  bcento  refine  and  compare  different  types  of 
Instrumented  restraining  apparatus  to  the  end  of  developing  the  most 
sensitive  and  meaningful  tests  possible  for  evaluating  and  cooiparing 
materials  and  procedures  ftom  the  Btand;x>ints  of  how  they  Influence 
stress  buildup. and  cracking. 

The  principal  variables  which  entered  into  the  experimental  program 
were:  arc  energy  Ijqart,  plate  composition,  filler  metal  composition, 
the  presence  or  sbsence  of  a  bending  moment  in  the  geometry  of  the  restraint, 
the  initial  heat  treatment  of  the  plate,  multi-pass  welding  procedures,  and 
welding  process  (MIG  or  submerged  arc).  In  addition,  there  was  some  study 
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of  the  effects  of  lanedlate  post  veld  beat  treatment.  Also,  plate  thickness 
nay  he  listed  as  a  variable,  since  more  than  one  thickness  was  Involved. 

In  addition  to  making  essentially  mechanical  observations  of  contraction 
forces,  enotigh  thermal  data  on  weld  cooling  rates  and  peak  temperature  dis¬ 
tributions  were  collected  to  establish  the  beat  flow  conditions  associated 
with  sU  experimental  welds.  The  ixxvestlgatlon  also  Included  metallographlc 
study  of  veld  metal  and  the  Immediate  veld  beat  affected  zone,  but  correla¬ 
tions  with  mechanical  behavior  have,  to  date,  proven  negative. 

n.  APPARATUS 

Three  different  sets  of  apparatxis  have  been  used  to  study  hindered  con¬ 
traction  under  different  geometries  and  magnitudes  of  restraint;  a  horizontal 
lever  arm  shown  In  Figure  1,  a  fixed  end  U-bar  shown  In  Figure  2,  and  a 
pinned  end  U-bar  shown  In  Figure  3.  Of  the  three  apparatus  the  horizontal 
lever  arm  has  the  lowest  overall  stlffhess.  Through  the  use  and  location 
of  pivot  pins,  it  Is  possible  with  the  horizontal  lever  arm  to  impose  any 
desired  ratio  of  transverse  bending  moment  to  separstlng  force  on  the 
specimen  veld,  and  It  Is  also  possible  to  restrsiji  velds  In  the  absence 
of  a  transyerse  bending  moment.  A  movable  fulcrtui  on  the  horizontal  lever 
arm  permits  a  vide  degree  of  adjustability  In  the  elastic  stiffness  of  the 
restraining  system. 

The  fixed  end  U-bar  accords  moderately  bl|^  restraints,  and  has  the 
virtue  of  no  mechanical  linkages  between  the  test  veld  and  the  stress 
measuring  part  of  the  system.  However,  the  ratio  of  transverse'  bending 
awment  to  separating  force  Is  a  nonadjustable  featxxre  of  the  fixed  end 
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U-bar.  The  U-bar  la  an  outgrowth  of  the  heyhole  plate  used  in  earlier 
studies^  which  was  In  turn  a  modification  of  the  URL  slotted  plate  crack 
susceptibility  test  apecloen;  the  U-bar  has  several  signal  advantages 
over  the  keyhole  plate,  including  far  more  precise  analytical  interpretation 
of  results,  the  possibility  of  using  preheat,  lover  naohinlng  cost  per 
speclnen,  and  amenability  to  the  use  of  run-on  and  run-off  tabs. 

The  pinned  end  U-bar  affords  the  advantage  of  restraining  the  test 
veld  in  the  absence  of  a  bending  moment;  however,  the  elastic  stiffness 
of  the  system  la  fixed. 

The  types  of  teat  specimens  used  on  the  horizontal  lever  arm  and 
pinned  end  U-bar  a^e  shown  in  Figures  4  and  5,  one  of  vhloh  (Figure 
causes  a  bending  moment  aa  veil  as  a  separating  force  to  be  imposed  upon 
the  veld.  The  veld  specimen  used  on  the  fixed  end  U-bar  is  shown  aa 
mountet!.  In  Figure  2.  In  the  horizontal  lever  am  aj^paratus  and  pinned 
end  U-bar,  the  ai>ecliiien  plates  are  affixed  to  the  ends  of  the  sms  by 
means  of  hardened  steel  pivot  pins  of  0.^  inch  diameter,  an  arrangement 
which  renders  the  bending  moment  imposed  on  the  veld  fully  detemlnant. 

On  the  fixed  end  U-bar,  the  apesimen  plates  oust  be  velded  into  position 
for  each  run;  after  completion  of  the  test,  the  speaimexis  are  flame  cut 
from  the  U-bar  which  can  be  calibrated  and  used  for  a  large  number  of  runs. 
Welded  eonaeetlons  have  been  used  to  minimize  backlash  in  meohamleal  Joints; 
on  the  fixed  end  U-bar  apparatus,  the  auxiliary  structural  velds  are 
located  and  dimensioned  so  ihat  tnere  is  no  hszard  of  yielding  or  creaking 
in  any  but  the  test  veld  location. 
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All  three  aets  of  restraining  apparatus  were  calibrated  on  a  tensile 

■j 

testing  nschlne.  An  analysis  of  the  U-bar  as  a  curved  beam'',  checked  by 
calibration,  (Figure  6)  has  led  to  the  foUovlng  equations  for  separating 
force,  F,  and  bending  moment,  acting  at  the  location  where  the  straight 
and  otrved  sections  are  tangent: 


0. 20658^  -  0.562Sjj 

0.2398 

2.72s  -  0.96s, 
0.2398 


(1) 

(2) 


where 

S^  «  the  absolute  magnitude  of  the  compressive  stress  measured 
at  the  inside  strain  gage  location,  psl. 

■  the  absolute  magnitude  of  the  tensile  stress  measured  st 
the  outside  strain  ^ge  location,  psl. 

Using  theee  equations,  the  applied  bending  moment  and  separating  force  at 
any  Instant  during  or  after  welding  can  iiaaediately  be  determined  from 
pertinent  strain  gage  readings.  With  the  U-bar  apparatus,  the  relation¬ 
ship  between  separating  force  and  bending  moment,  as  reflected  In 
Equations  (1)  and  (2),  Is  essentially  more  complicated  than  with  the 
horltontal  lever  machine.  With  the  horizontal  lever  machine.  If  the 
specimen  Is  desl^aed  to  produce  a  bendlmg  moment,  Ita  magnitude  Is  simply 
the  separating  force  times  the  moment  srm. 

In  this  iBfvestlRStlOB,  mast  of  the  mark  was  dame  using  the  fixed  end 
and  ^e  pinned  end  U-bar,  because  this  imposes  the  severest  res^lnt; 


even  so,  it  was  only  possible  to  Induce  cracklztg  using  rather  extrene  voiding 
procedures.  The  lever  am  apparatus  vas  only  used  to  study  the  effects  of 
post-heat,  for  which  It  Is  Ideally  suited.  The  pinned  end  U-bar  vas  used 
in  this  Investigation  only  vhen  it  v&is  desired  that  no  bending  aioiaent  be 
imposed  on  the  veld  by  external  restraint;  accordingly,  only  the  specimen 
design  shown  In  Figure  4  vas  used  vlth  the  pinned  end  U-bar. 

In  the  grai^loal  presentation  of  data,  only  the  separating  force  Is 
plotted  as  a  function  of  time  after  co^detlon  of  the  veld.  Ora]^  showing 
the  bending  moment  (iq^sed  by  the  fixed  end  U-bar)  have  not  provided  any 
\iseful  additional  Information,  and  so  are  not  presented  In  this  report. 

So  fir,  the  only  thing  which  seems  significant  Is  whether  or  not  a  large 
bending  moment  Is  present  as  part  of 'the  restraint,  because  only  in  the  presence 
of  a  bending  moment  Is  czecklng  ever  observed. 

III.  THBWAL  PELATIOHSHTPa  IH  HIHIERED  COTORACTIOH 

The  cooling  of  a  veld  under  hindered  contraction  must  be  considered  troa 
two  distinctly  different  points  of  view.  The  rate  vlth  which  the  veld  and 
imnediate  heat-affected  zone  cool,  estobllcheo  hcv  rapidly  the  weld  can  become 
strong  enough  to  sustain  an  elastic  load.  In  addition,  the  veld  cooling  rate 
imfluencea  metallurgical  structure  and  strength  and  thereby  the  maximum  load 
which  the  veld  can  be  expected  to  suatalm  elaatlcally  at  room  teiqperature. 

The  centerline  cooling  rate  depends  primarily  upon  aonductiom  of  the  heat 
imto  the  aurroundlng  cold  metal  plate,  and  is  little  Imfluenoed  by  aoavcatiom 
or  ra^\lation  heat  transfer  from  the  plate  to  the  air.  On  the  other  hand^  the 
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orerall  rate  with  which  the  entire  specimen  loses  best  to  the  surroundings 
establishes  the  rate  of  total  solid  contraction  on  the  part  of  the  plate  being 
welded,  and  Is  therefore  an  essential  part  of  the  loading  mechanism  involved. 
This  overall  loss  of  heat  from  the  plate  takes  place  i>rluerlly  by  convection 
and  radiation  to  the  surroundings.  (Redistribution  of  heat  within  the  plate 
does  not  effect  Important  dimensional  changes;  It  Is  mainly  the  heat  that 
escapes  entirely  from  the  plate  which  Is  reflected  in  gross  solid  contraction.) 

These  conconitant  and  related  cooling  rates  nay,  in  a  sense,  be  regarded 
as  coeqpetltive.  For  example,  if  the  centerline  cooling  rate  were  large  and 
the  overall  rate  of  heat  loss  quite  small,  the  hottest  part  of  the  weld  would 
acquire  strength  before  most  of  the  load  was  applied,  plastic  strain  would  be 
ainUBlzed,  and  shrinkage  distortion  effects  quite  large.  If,  on  the  other 
hand,  the  centerline  cooling  rate  is  low,  as  with  hi|^  preheat,  and  solid 
contraction  effects  make  themselves  felt  vhile  the  weld  metal  is  still  very 
hot,  substantial  plastic  flow  obtains,  and  net  shrinkage  is  relatively  low. 
Thus,  thermo-mechanical  effects  depend  fundamentally  upon  the  rate  of  overall 
cooling  aa  compared  to  the  rate  of  centerline  cooling  In  the  subject  weld. 

It  Is  possible  to  make  a  direct  mathematical  comparison  between  the  center¬ 
line  cooling  rate  of  the  weld  and  the  overall  rate  of  heat  transmission 
to  the  surroundings.  There  Is  one  special  case  which  can  be  analyzed  quite 
sliqitly  to  show  the  effects  of  weld  variables  on  these  two  different  cooling 
rates.  Consider  the  instant  at  which  the  weld  metal  has  Just  become 

csi^etely  solid;  the  weld  centerline  la  cooling  at  a  rate  which,  for  the 

k 

conditions  of  this  investigation,  is  acciumtely  expressed  by  : 
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2  3 

g  -  2  It  K  p  Cp  (^)  (T^  -  T^) 


vhere 


thenMl  toaiuctivlty  of  the  metal 
imialty  of  the  metal 
■peeifle  heat  of  the  iLrtol 
Telocity  of  arc  travel 
tklekoeas  of  plate 
are  power 

melt  lag  point  of  the;iuetal 

the  Initial  temperature  of  the  metal 


centerline  cooling  rate 


Uaiag  reasonable  valuet  for  the  thermal  properties  of  steel,  a  iimea- 
sloasl  equation  giving  the  eooling  rate  in  *^/see  is: 


*r  2  3 

g  -  120  n  (T  -  Tq) 


where  q/V  is  in  Joules/inch,  the  plate  thlskaess,  t,  in  inches,  ant 
teiperatures  in 


The  transverse  shrinkage  experienced  by  the  weld  depends  on  the  thermal 


soeffiaient  of  solid  contraction,  a,  and  the  coefficient  of  heat  transfer, h, 
from  the  surface  of  the  eooling  weldment  to  the  surroundings,  in  addition 
to  the  other  thermal  variables  identified  above.  The  kinetics  of  trans¬ 


verse  shrinkage  can  be  expressed  in  either  of  two  ways.  Equation  (h),  below. 
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glvei»  the  net  trensverae  shrinkage,  W,  and  Equation  (5)  the  rate  of  shrinkage, 

dW 

15,  as  a  funo-tion  of  time,  9,  after  coi^jletion  of  the  weld.  Strictly  speak¬ 
ing,  these  equations  pertain  to  a  relatively  short  weld,  in  which  longitudinal 
shrinkage  has  little  effect,  and  which  is  ftree  to  undergo  lateral  thermal 
cotttraetionj  there  is  no  external  restraint. 


V 


q 

p  Cp  t 


1 


e 


2  h  9 
P  Cpt 


(4) 


dV 

lo 


_2  h  a 


2  h  9 
e  "  P%  t 


(5) 


The  exponential  form  of  Eqtiation  (5)  properly  suggests  that  the  rate 
of  shrinkage  is  the  greeted  Immediately  after  completion  of  the  weld.  Of 
course,  the  total  shi-inkage  reaches  its  maximum  value  long  after  completion 
of  the  weld,  when  the  r.etsl  has  cooled  to  ambient  temperature.  Equations  (6) 
and  (7)  show  the  values  at  these  extremes.  Equation  (6)  gives  the  maximum 
total  transverse  shrinkage  and  Equation  (7)  gives  the  maximum  (initial) 
rate  of  shrinkage  <  .-perlenced  by  the  weld. 


W  -  i-f-) 


a 

p  c  t 


(when  9  is  larg<i) 


S-  -  (-SL)  2b  a  ^ 
'  V  ^  TTy  )2 

(when  9  is  zero) 


.  (6) 


(T) 
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Bxpreatiait  these  la  ilaeaalOMl  font: 


W 


5,400,000 


(laches) 


(6a) 


“  .  _ 

ii  1,500,000 


(iach/hr)  . (7A) 


vhere,  sgsia,  src  eaerer  iaput  Is  in  Joules/ iaoh,  saA  plate  thlekaess  la 

laches. 

If,  lastesA  of  being  flree  to  coatrset,  the  plates  are  ooapletely  restraln- 
ei.  It  la  possible  te  express  the  sverage  traasrerse  stress  AerelopeA  la  the 
velA.  Equation  (8)  glTes  the  aoxlaua  transverse  stress  which  coulA  possibly 
be  levelopeA  ia  a  reatraiaeA  veld.  The  overall  transverse  width  of  the 
velAneat,  W,  aij^t  a.lao  be  regarAeA  as  the  separatiag  bewteen  the  clanps  of  a 
perfectly  iBBOvable  restralaliig  fl^^rture.  The  naxlmua  stress  voulA  only  be 
resllzeA  if  all  the  theraal  strain  ‘re  elastic.  The  syaibol,  t',  refers  to 
the  depth  of  the  alalaun  looA-earryiag  section  in  the  veld,  lAlch  in  general 
will  be  saaller  tbaa  t,  the  plate  thlekaess.  These  equations  pertala  only 
to  the  first  of  several  pauses  used  ia  proAuciag  a  Joint. 


P 


(8) 


where 

S  >  transverse  stress  ia  the  veld  aetal 
E  >  aoAulus  of  elasticity 
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ExpresBlag  Equation  (8)  iliaenslonaliy: 

S  -  6  T-hs  . 

is 

Ibe  rate  of  atreaa  bulliup  in  the  veli,  ^  ia  in  aciae  vaya  eren 
more  intereating  than  the  total  naxlauia  atreaa  which  aan  be  ieyeloped,  and 
thia  ia  given  by: 


is 

i0 


2  h  g  E 
(pCp)^  tf 


Expreaaing  Equation  (9)  iiaenaionally: 


iO 


(9) 


(9A) 


i^re 

S  ia  in  Iba/ineh^  min. 

X't  Equationa  (3A);  (^)>  (7A),  (SA),  ani  (9A)  the  numerical  valuea 
ihdoh  can  be  uaei  to  evaluate  the  eonatanta  are  liatei  in  Table  V> 

The  load  carrying  aeetlon  of  the  veld,  repreaented  by  t',  can  be  meaaured 
or  eatinated  from  the  veld  are  energy  input  ualng  the  foUovlng  approximate 
relatlonahipa: 

t'  -  —  (60P  inaluded  angle, 

^  firat  paaa)  . .  .  (10) 

t'  -  -T~  -J—  (30P  included  angle, 

^  firat  paaa)  . (11) 
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Tbe  main  purpose  is  presenting  these  mathematical  expressions  Is  to  show 
that  the  operating  variables  which  Influence  both  the  centerline  cooling  rate 
and  the  overall  shrinkage  rate  have  generally  opposite  effects.  Thus  a  high 
arc  energy  Input  tends  to  reduce  the  centerline  cooling  rate  but  Increases 
the  rate  of  transverse  shrinkage.  Decreasing  the  plate  thickness  exerts  the 
sante  two  effects. 

The  effect  of  pre-heat  is  somewhat  more  conqallcated.  If  both  the  re¬ 
straining  fixttire  and  the  weldment  are  uniformly  pre -heated  to  some  elevated 
te^peratvire,  there  will  be  shrinkage  of  both  the  weldment  and  of  the  restrain¬ 
ing  fixtvire,  since  both  are  losing  heat  to  the  envlronmeht.  There  will  still 
be  stresses  develojwd  In  the  weld,  because  It  has  excess  heat  to  lose  to  the 
sTorroundlngs ,  Since  the  effect  of  pre-heat  Is  to  reduce  the  centerline 
cooling  rate  of  the  veld  (Equation  (1) ),  the  effect  will  be  to  favor  plastic 
deformation  of  the  veld  and  thereby  reduce  stress  or  distortion.  If,  on  the 
other  hand,  only  the  veld  Is  pre -heated  and  the  restrainlit^  fixture  remains 
of  fixed  dimensions,  pre-heat  contributes  to  the  total  thermal  contraction 
load  the  weldment  Imposes  upon  Itself,  and  the  effect  can  be  to  Increase  the 
stress  or  distortion  resviltlng  from  welding. 

Thus  all  of  the  Important  thermal  variables  of  welding  have  opposing 
Influences  on  shrinkage  rate  and  centerline  cooling  rate.  Finally,  It  should 
be  noted  that  environmental  conditions  influence  the  magnitude  of  h,  the  sxirfaoe 
coefficient  of  heat  transfer,  which  haa  a  direct,  bearing  on  the  transverse 
shrinkage  rate  but  no  important  effect  on  the  centerline  cooling  rate.  FOr 
enable,  under  the  same  conditions  of  arc  energy  input,  plate  thickness, 
and  pre-heat,  the  stibrnerged  are  process  differs  from  the  Kid.  process  la  that 
surface  heat  transfer  and  therefore  transverse  shrinkage  Is  less  with  the 
submerged  are  because  of  the  Insulating  character  of  the  slag  covering. 
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Because  of  this,  the  tvo  processes  exhibit  different  rates  and  magnitudes 
of  self-inqpesed  loading  under  conditions  of  hindered  contraction. 

IV.  EXPERIMEiniAL  COHIIITIQITS 


Xhe  r'isulti  ‘eported  herein  pertain  mostly  to  single  pass  arc  velds 
deposited  in  1/.2  inch,  and  1  inch  HI-80  steel  plates  using  MIG  and  sub¬ 
merged  arc  welding  procedvires.  Three  different  heats  of  HI-80  were  used, 
having  sli£^tly  differing  chemistries,  hardenablllty,  and  (presumably) 
susceptibility  to  weld  cracking.  Two  different  filler  wires  were  used. 
Plate  and  filler  eompesltlons  are  presented  in  Table  I.  All  welding 
was  fully  automatic  and  the  summary  of  welding  conditions  is  presented 
in  Table  n.  The  combinations  of  voltage,  amperage,  wire  diameter,  and 
series  Inductance  which  were  used  with  the  MIG  process  resulted  in  a 
relatively  short  arc  length  with  fairly  insensitive  response,  a  set  of 
circumstances  which  was  found  to  produce  the  most  regular  pt.  'etration 
and  veld  bead  contour.  The  conditions  actually  approached  without  quite 
reaching  short  circuiting  arc  operation.  Two  Joint  geometries  were  used: 
(XP  Included  angle,  single  Vee,  I/I6  inch  root  opening,  for  the  l/2  in^h 
plate;  30^  Included  angle,  double  Vee,  I/16  inch  root  opening,  for  the 
1  inch  plate. 

Heats  A  and  X  were  received  in  the  heat  treated  condition  while  heat 
P  was  received  as  hot  rolled  plate.  The  hot  rolled  plate  was  austenltited 
at  1650^  for  one  hour,  water  quenched,  tempered  at  127^F  for  one  hour, 
and  water  quenched.  The  mechanioal  properties  of  the  plates  are  shown  in 


Table  in 
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Y.  SPECIAL  THEFIMAL  STUDIES 

Durlag  seTeral  of  the  eracklsg  experiaeats,  peak  teaperaturea  aad 

critical  aoallBf  rates  experleaced  Aurlag  weldlag  were  established  usiag 

5  6 

experlaemtal  techalques  previously  developed.  ^ 

Teaperature  aeasxireaeats  were  aade  by  aeaaa  of  plat laum-plct lam  10^ 
rhodlm  theraocouples,  percusslvely  welded  to  surface  locatloas.  Surface 
teaperature  aeasureaeats  aade  by  percussive  veld  theroocouples  are  la  error 
by  aaouats  which  depead  oa  the  dlaaeters  of  the  theroocouple  vlres^  If  the 
thoraocouple  Is  larger  than  0.020  Inch  dlaaeter.  Using  tberaocouple  wires 
heavier  than  this  results  la  low  readings  because  of  conduction  losses  along 
the  themocouple  leads.  With  wire  diameters  saaller  than  0.020  inch, 
teiQwrature  aeasureaeats  are  ladepeadeat  of  wire  dlaaeter,  and  are  presuaed 
correct.  la  this  lavestlgation,  theraacouple  leads  were  0.005  inch  la 
dlaaeter,  and  the  leads  were  iadepeadeatly  welded  to  the  plate  surface 
location  of  Interest,  such  that  the  tberaocouple  bQcd  was  la  fact  ooaposed 
of  steel  resldli^  in  the  plate  surface. 

Surface  te^peratxire  aeasureaeats  have  been  correlated  with  observa¬ 
tions  of  aacrostructure  and  microstructure.  Detendnations  were  made  of 
the  peak  teaporatxire  associated  with  the  outemost  etching  boundary  la 
HI-60,  which  was  definitely  established  as  1300  -  30*^F.  This  observation 
prevailed  for  velds  eabraelng  a  ten-fold  range  of  cooling  rates.  With 
this  piece  of  Infortetlon,  velds  in  EI-80  can  be  theraally  "diagnosed" 
by  neasurlng  the  oxteat  of  the  heat-affected  none. 

The  aa Croat rueture  associated  with  this  1300PF  peak  temperature 
experienced  Is  shewn  in  Figures  7  ouA  8,  for  HT-SO  at  100  and  500 
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■agnifications.  The  tramsitloa  zane  la  aaaoelatei.  with  the  lever  critical, 
aa4  coaalsta  af  a  Alaperaioa  of  oartettaite  ar  very  fine  pearlite  (iepeaAlag 
an  the  cooling  rate)  In  a  aatrlx  of  aubatantlally  \malterei  baae  material, 
Correlatlana  af  veld  metal  atructure  vlth  arc  energy  Input  for  many 
allaya  (ather  than  ateel)  have  ahavn  that  dendrite  nm  apaclng  la  Inveraely 
propart lonal  to  the  aquare  root  af  arc  energy  input.  Attenpta  to  perfam 
thia  type  af  correlation  af  dendrite  atructurea  In  ET-80  have  net  vlth  the 
difficulty  that  aalld  atate  tranaforaatlona  generally  ohacure  dendrite 
pattema.  Havever,  under  certain  cendltlona  dendrite  patterna  auch  aa  that 
ahavn  In  Figure  9  aan  be  reaalved  at  locatlana  near  the  fualen  boundary, 
vhlch  la  the  area  ot  noat  intereat  vlth  reapeet  to  delayed  cold  cracking. 
For  aeme  reaaon  the  dendrite  pattern  near  the  center  of  the  veld  ia 
completely  ebacurred  by  a  Wldnanatatten  type  tranaformatlon,  the  ooarae- 
neao  of  vhlah  alao  varlea  directly  vith  ara  energy  Input  (inveraely  vlth 
aolldlflcatlon  rate).  The  vay  in  vhlch  the  dendrite  apaclng  varlea  vlth 
arc  energy  Input  near  the  fuaion  boundary  la  ahovn  In  Figure  10;  thia 

linear  correlation  confoma  vith  that  earlier  obaerved  vlth  aluminum-, 

7  8 

copper-,  and  nlakel-rlch  alleya.  *  An  underatandlng  of  theae  relatxon- 
ahlpa  and  the  ability  to  neaaure  the  dendrite  apaclng  at  the  fuaion 
boundary  may  lead,  throxigh  further  atudy,  to  eatabliahaent  of  relatlen- 
ahlpa  among  dendrite  apaclng,  dlmama^ona  of  the  heat-affected  zone,  arc 
enercr  Input,  and  delayed  cracking  of  velda  aubjeeted  to  hindered  contraa- 


tlom. 
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VI.  EFFECT  OF  PROCESS  VARIABLES  OH  REACTIOH  LOADS  AND  CRACKIHG 

Tke  iata  «a  the  ievelopaant  of  traasverse  reaction  loaia  aa4  oomeats 
ani  the  iaclience  ef  era eking  for  all  coailtloas  stuAled  In  this  Inves¬ 
tigation,  are  sunaarlzed  graphically  la  Figures  11  through  2^.  All  the 
curves  are  transcribed  and  calculated  from  continuous  strip  chart  records 
of  strain  gage  output. 

In  reading  the  curves  of  separating  force  or  bending  moment  vs.  tine, 
the  following  ground  rules  are  important: 

(1)  Unless  otherwise  designated,  all  determinations  are  for  single- 
pass  welds,  which  are  so  deposited  as  to  represent  the  first  pass  in  a 
multi-pass  welding  procediire.  In  these  cases,  the  weld  deposit  is  sub¬ 
stantially  smaller  in  load  carrying  section  than  the  surrounding  plate. 

(2)  The  conventloa  used  throughout  is  that  positive  separating 
force  reflects  net  tension  transverse  to  the  weld.  A  negative  separating 
force  Inplies  compression. 

(5)  The  ai>paratus  was  sensitive  enough  to  determine  Irregulnritien 
in  the  development  of  traasverse  loads  and  bending  moments.  Since  these 
irregularities  are  thenselvea  of  sene  interest,  the  curves  have  bean 
drawn  as  faithful  representatives  af  tha  original  data  with  any  "wiggles” 
left  in.  Bath  yielding  and  cracking  are  phenameaa  whi^h  tend  to  take 
place  discontiauaualy. 

(4)  Over  the  eaurse  of  the  lavestigatlan  it  was  learned  that  the 
strain  recorders  gave  very  delicate  indications  of  cracking.  Cracking 
always  Initiated  at  the  end  af  the  veld  nearest  the  restraining  fixture. 
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Cratklag  was  sever  ietectei  aetallegraphlcelly  In  any  specinen  In  which 
It  was  sat  ala#  ietectei  by  the  strain  recarier.  Cracking  is  inilcatei 
an  the  curves  by  snail  arrows  labelei  "eraak  abservei",  which  Inilcate 
the  Instant  at  which  cracking  was  first  abservei  either  an  the  strain 
recarier  or  optically.  Usually  the  two  abservatlans  ealneliei. 

(3)  Is  all  but  ana  ease  the  eaarilaates  af  the  graphs  are  separating 
fares  ani  tins  after  finish  af  welilng.  Ae  one  exeeptlan  (Figure  21) 
shows  the  banilng  Basest,  acting  at  the  center  af  the  weli,  as  a  function 
af  tine  after  finish  af  walilng. 

VII.  COBCLUSIOKS 

(1)  With  these  steels  ani  filler  naterlals,  higher  are  energy  Input 
per  pass  Is  generally  assaeiatei  with  higher  separating  farce.  This  Is 
alnost  alwsys  true  af  the  nuixlnuii  separating  farce  experlencei,  ani,  with 
few  exceptions.  Is  also  true  of  the  final  steaiy  separating  force,  (Figures 
11,  12,  l6  ani  19) •  This  relationship  between  separating  force  and  arc 
enargy  Input  Is  generally  true  af  the  plain  carbon  or  relatively  lav 
strength  hariaaable  steels,  whatever  the  welilng  process.  With  higher 
carbon  hartennbla  ooBpasitlans,  the  reserve  Is  saaetlaaa  ahservsi,  because 
far  these  natarlals  the  effCet  af  aaallag  rate  nay  averwheln  the  effect 

af  tha  slza  af  tha  vali  iapaalt. 

(2)  With  lav  energy  single  pass  velds,  tha  separating  farce  nay 
actually  be  negative  (canpresslve),  partleularly  when  the  veli  Is 
iapasltei  unAer  aaniltlans  af  restraint  which  ia  not  Inpase  a  benilng 

nanent  (pinned  end  U-bar).  This  Is  Intarpretai  to  aean  that  plastic 
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iftfarMtlM  preceies  tk*  expaaslam  effcetet  ass^cj.ateA  vltk  traaafarBatiaa 
af  auatesftita  (Ficuraa  12  amA  13). 

(3)  Law  eaergy  ala^ilft  pass  aubnergei  ara  velAa  exkibit  a  reaarlcable 
raiuctiaa  la  aeparatlag  farca  at  tlaea  laag  after  caapletlam  af  velAlag 
(Figures  18,  19,  22  aaA  24).  Tkla  effect  vraa  absenreA  far  all  tkree  plate 
eaapasltlaaa.  All  subaergeA  ara  velAlag  la  tkls  pragraa  was  Aaae  vltk 
filler  A,  sa  It  kas  aat  yet  baem  establlskeA  vketker  tkls  Is  akaracterlstlo 
af  tke  filler,  tka  praaess,  ar  tke  caabiaatlaa.  However,  tkls  very 
lalayaA  reAuctlam  la  separatlag  farae  was  aat  abserveA  vltk  tke  MIG  pracess 
vislag  eltkcr  filler. 

(4)  As  kas  beaa  abserveA  vltk  atker  karAeaabla  steels,  eraaklag  Is 
geaara.ily  favareA  by  extreaely  lav  ara  aaergy  layut,  aaA  tke  lower  tka 

are  oaergy  laput,  tke  lesa  tke  tlae  Aclay  assaelateA  vltk  cracklag  (Figures 
l4  aaA  13).  UkAor  aaaAltloas  af  autoaatlc  wclAlag,  usiag  rua-aa  aaA  rua-aff 
tabs  sa  tkat  aa  arotars  were  preseat  vltkla  tke  stress  fielA,  it  was  fauaA 
exeeaAlagly  Alffleult  ta  laAuee  eraeklag  vltk  tke  filler  aaA  plate 
eaqiasltlaas  useA  la  tkla  lavestlgatlaa.  Furtkeraare,  cracklag  vau  sever 
raplA  ar  catastraplc  eaaugk  ta  be  auAlble  ar  ta  reflect  atjwr  abrupt  ckaages 
la  abaerveA  reaetiaa  laaAs.  Separatlag  faroe  oaatiaues  ta  laorease  after 
tka  iaitiatlas  af  eraeklag.  Observatlaas  af  cracklag  were  HaiteA  ta 
Boat  P.  It  vaa  aat  fauaA  passible,  evoa  vltk  extraaely  law  are  eaargy  laputs, 
ta  laAueo  eraeklag  la  eltkar  Beat  A  ar  Heat  X. 
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(5)  effetts  •f  Ttrlatl^as  la  aultl-fass  velilag  praceiures  irere 

•8  exfectei.  iMreasiaf  tke  art  eaergy  per  pass  geaerally  results 

la  klipMr  separatlag  faraesj  aail  lacreaslag  tlM  tlae  4elay  betveea  passes 

alsa  lacreases  separatlag  farces.  Tkls  alsa  parallels  esrller  abserva- 

2 

tlaas  aa4e  vltk  atlMr  kar4eaabla  steals.  Dorlag  tke  actual  iepasltlak 
af  a  veli  pasa,  tkere  Is  same  relief  af  reactlaa  laags  l^paseA  by  earlier 
paasea,  because  af  aaaetary  expaaslaa  aad  stress  relief  accaapUskel  by 
tke  are  keat,  but  tkere  Is  a  caaBUlatlre  effect  la  tkat  eaek  veli  pa  as 
ai48  ta  tke  flaal  tatal  retuctlaa  laagL. 

(6)  Tke  ielayed  reiuctlaa  la  separatlag  farce,  vklek  seaas  peculiarly 
assaclatel  vltk  tke  aubaergei  arc  praeess,  kas  act  beea  absenrei  vltk  klgk 
aaargy  slagla  pass  Aepaslts,  but  Is  aarkeA  vltk  klgk  eaergy  aultl-pass 
iepaalts  (Figure  20).  Tke  affect  Is  by  aa  uesas  saall;  Figure  20  skavs 

a  retuetlaa  la  separatlag  farce  tke  arier  af  13  teas  actlag  aa  a  laai- 
aarrylag  crass  seetlaa  af  veli  aetal  vklek  vas  sllgktly  greater  tkaa  aae 
aquare  lack. 

(7)  Oeaerally,  tke  skape  af  tke  beaiiag  aaaeat  vs.  tlae  curve  clasely 
parallels  tke  carrespaailag  grapk  af  separatlag  farce,  far  vklek  reasaa  tke 
beaiiag  aaaeat  curves  kava  aat  beea  iacluiei  la  tkls  repairt.  Havever,  tkere 
are  latarestlag  effaets  aa  tke  beaiiag  aaaeat  aatei  vltk  aultl-pass 
praceiuras  as  skava  la  Figure  21.  Suriag  actual  iepasitiaa  af  a  veli  pass 
(atker  tkaa  tka  first)  tkere  Is  ur>«lly  a  fairly  abrupt  ieareasa  la 
separatlag  ferae  (Figure  20)  especially  vltk  klgkawrgy  passes,  aai  a 
8lBaltaacai.ui  aaaeatary  lacrasse  la  beaiiag  aaaeat  (Figure  21).  Tkls  reflects 
tka  aaaeatary  aaa-ualfara  kaat  ilstrlbutiaa  aai  lacal  perturbatiaa  af  tkarasl 
straia  vklik  is  iavelapei  iuriag  valiiag;  aai  lAick  q^lekly  ilssipates  vkea 


tke  ]M«t  supply  ceasss. 
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(8)  Plate  cMipaaltloB  kas  a  fairly  anall  effect  sb  separatlBg  force 
(Figure  22).  Aa  expectei,  at  law  eaergy  Imput,  tke  mare  karieMble 
plate  gives  a  klgker  aeparatlag  faree,  but  with  klgher  eaergy  laput,  tkere 
Is  aa  algalfleaat  ilffereace  (Flgui'es  22  aai  23).  There  Is  evea  a  varlatlaa 
af  plate  thlckaess  reflected  la  Figure  23;  Heat  A  was  I  lack  tkiek  aai 
Heats  P  aai  X  were  l/2  laek  thick. 

(9)  laaeilate  laaal  appllcatlaa  af  past -heat  delayed  tke  derelapseat 
af  aeparatlag  farce  but  does  aat  reduce  Its  aagaltnde  (Figure  2^).  la 

fSet  aeparatlag  farce  la  laereased.  This  Is  la  sharp  eaatrast  ta  the 

2 

bakavlar  af  higher  earbaa  hardeaable  steels. 

(10)  Althaugh  acre  data  are  aeeied  ta  brlag  abaut  a  elaae  carrclatlaa 
af  theraal  aad  aeehaalcal  eveats,  exaalaatlaa  af  the  graphs  la  the  light 
af  elaeulatlsas  aade  uslag  Equatlaas  (3A).  (8a),  aad  (9^),  .caaeluslvely 
ladieate  that  veld  EMtal  depaslted  uader  eaadltlaas  af  restralat  exparleaees 
aoMB  plastic  dafsraatlaa  laaedlately  after  the  supply  af  are  heat  eeasea. 
Usually  thara  Is  a  traasltlaa  fraa  plastic  ta  elastic  behavlar  duriag 
aaaliag  aad  tke  raaldual  traasvarae  average  stresa  Is  aaaevhat  leas  thaa 
yield  palat  asgaltude,  but  aeldaa  less  thaa  1/4  the  yield  stress. 

(11)  Tha  dlaaaatlaultles  reflaeted  la  aaay  af  the  graphs  are  real  aa4 
reflect  irregular  dlMaslaaal  chaages  la  ar  Bear  the  veld,  aaay  af  which 
take  place  laag  after  the  veld  has  aaaq^letely  eaaled  ta  raaa  t«Qcraturc. 

These  delayed  effects  bear  aa  the  aagaitude  af  aad  tlaa  depeadaat  ahaages 
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iB  realiual  ami  tkerefar*  haye  am  iBfartamee  vklck  1b  sBarvlMt 

separate  fr«i  tke  queBtlam  ef  veld  craekiaK. 

(12)  l%ie  imltlal  eaBdltlam  •t  keat  treataemt  af  am  HI-SO  ceapaBltiam 
eyldeatly  Imb  very  little  ta  da  vltk  saparatlag  farce  ar  eald  craeklBg. 
Heat  k,  vklck  vac  keat  treated  1:a  1^9,  500  pel  yield,  bekared  quite  like 

Heat  P  amd  X  Im  aest  respect b. 

(13)  Weld  BCtal  Btreagtk  Imai^eaBes  vltk  decree  b  lag  are  eaergy  laput 
(Vable  V).  lacreaBed  Bolldiflcatlaa  aad  salld  state  eaallag  rates  are 
acMildered  respaaBlble.  It  Is  lapartaat  ta  aate  relacxvely  klgk  streagtk 
depaslts,  made  by  aultlpass  lav  eaergy  subaerged  arc,  develap  lever 
(aaxlaua)  eeparatlag  farces  tkaa  da  laver  streagtk  klgk  eaergy  aultlpasB 
depaslts. 

(14)  Of  the  varlaus  restralaiag  apparatus  vklak  kare  beea  used  aver 
tke  past  6  years  la  tkls  labaratary,  far  aedlua  streagtk  kardsaable  steals 
tke  fixed  ead  U-bar  appears  superiar  by  reasaa  af  klgk  seasltlvlty, 
repraduclblllty  aad  eaavealeace.  Alaa,  tke  elreuaataace  af  laadiag  vltk 
tka  fixed  ead  U-bar  aare  aearly  appraxiaates  tkat  eacvuatered  la  practice 
tkaa  Is  tke  case  vltk  asy  af  tke  dcTlees  isnralvlag  plaaed  caaBeetlaas. 
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TABUB  IV 


AsBuaeA  Values  of  Thermal 
Caastavts  Use A  in  Equations 
(3A),  (6a),  (7A),  m  »mi  (9A) 


OaeffieioBt  af  Sxpansias^ 

a. 

6. 7- .^,10"^ 

H 

1 

DtMity  , 

P> 

0.27 

Lb/ia^ 

^pacific  Heat  , 

V 

0.l4 

BTO/lb  Op 

Beat  Traasfer  Caeffiaieat 
(aTsrage^  steal  ta  air, 
absarveA  ia  valAiac, 
ratiatiaa  -i-  eaavaatiaa), 

10 

BTO/ft*  hr  Op 

MaAulua  af  Elasticity  , 

E, 

30  •  10^ 

Lb/ia* 

Theraal  Caaiuctivity 
(sTerage,  abservei  , 

IQ 

20 

KTU/ft  hr  oy 

in  veliiac) 
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Figure  1.  Horizontal  Lever  Arm  Apparatus  Design 


material:  I  INCH  THICK  COLD  ROLLED  STEEL  PLATE 


DIA  PIN 


material:  I"  COLD  ROLLED  STEEL  PLATE 


l/z"  DIA  HOLE 


NOTE:  PLATE  IS  l/2"  THICK 


Figvure  4. 


Specimen  Design  for  Pure  Transverse  Loading 
with  Horizontal  Lever  Arms 


STRESS  (1000  LB  /  IN 


18 


Figure  6.  Calculated  and  Meaavired  Strain  Cage  Readinga  for  U-bar  Calibration 


Figure  7.  Microstructure  of  Location  Having  13OCPF  Peak  Tenperatxire  in  HI-80 


Figure  8.  Microstructure  of  Location  Having  1300OF  Peak  Teinperatxire  in  HI-80 


Magnification;  5OOX 
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I  Figure  9.  Dendrite  Microstructure  of  Weld  Metal  in  HY-80  Near  Fusion 

I  roundary 
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